ABSTRACT. Clinical studies suggest that growth-retarded prematurely delivered infants are neurologically precocious. We investigated this paradoxical observation in the fetal lamb. Somatosensory and brainstem auditory-evoked potentials were studied in chronically instrumented fetal lambs in late gestation with varying degrees of growth retardation induced by preconception uterine carunclectomy. The components of the brainstem auditory-evoked response appeared earlier ( p < 0.05) in fetuses at least 2 SD less than the mean weight for gestational age (n = 5) compared to normal controls (n = 8) or carunclectomized fetuses of normal size (n = 7). Several waveforms of both the somatosensory (N20, PIN 30, and P200) and the brainstem auditory-evoked response (I, 111 Clinical studies in the neonate suggest that growth-retarded prematurely born infants are neurologically mature compared to normal sized prematures (1-4). Such infants with evidence of IUGR exhibit shortened brainstem conduction times for auditory stimuli as measured by the BAEP and greater tolerance of the BAEP to increasing stimulus rates (2, 4). The latter observation suggests greater maturation of synaptic function.
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Clinical studies in the neonate suggest that growth-retarded prematurely born infants are neurologically mature compared to normal sized prematures (1) (2) (3) (4) . Such infants with evidence of IUGR exhibit shortened brainstem conduction times for auditory stimuli as measured by the BAEP and greater tolerance of the BAEP to increasing stimulus rates (2, 4) . The latter observation suggests greater maturation of synaptic function.
These observations suggest that fetal neural maturation is directly affected by the consequences of placental insufficiency. Alternatively they might reflect either the effects of maternal disease such as hypertension or its therapy (2) . A further possibility is that fetal development is not affected and that the apparent neural precocity reflects parturition-related events differing in growth retardation and leading to altered neural function in the neonate.
Techniques for recording both the SEP and BAEP-evoked potentials in the instrumented fetal lamb in utero have been developed (5, 6 ) and demonstrate developmental changes in a number of characteristic properties of these evoked potentials in the normal-sized fetal lamb over the last 40 days of gestation. We used these indices to examine whether neural maturation is altered in the growth-retarded fetus in utero.
MATERIALS AND METHODS
Thirteen pregnant Romney/Suffolk ewes underwent fetal surgery under sterile conditions. The ewes had, at least 6 wk before conception, undergone surgery to remove as many of the endometrial caruncles as possible. Sheep fetuses conceived in ewes after endometrial caruncle removal include a proportion that are acidemic and growth retarded (7, 8) . The fetuses, aged between 110 and 113 days at time of surgery, were instrumented for stimulation and recording of both the BAEP and the SEP as previously described (5, 6) . Briefly the fetuses had a systemic arterial and venous catheter inserted (carotid or axillary); extradural electrodes were placed to record over the sensory and auditory cortices and to record the biparietal ECOG. A waterproofed earphone was placed over the external auditory monitors after dividing the pinnae that was then sewn over the earphone to hold it in place. Stimulatory electrodes for the SEP were sewn into the upper lip 1-2 cm lateral to the midline and 0.5 cm apart; they were constructed from coaxially insulated stainless steel wire (Cooner Wire Co., Chatswood, CA).
After surgery the ewes were housed in metabolic cages under constant environmental conditions (20" C 50% humidity 12-h light) and fed hay and water ad libitum. Supplementation of alfalfa and nuts was also provided. The ewes received antibiotics (not aminoglycosides) prophylactically for 5 days postsurgically and thereafter whenever fetal catheters were opened.
Between 48 and 72 h after surgery stimulation and recording of evoked potentials began. Evoked potentials were obtained from unanaesthetized fetuses in utero between 112 and 135 days of gestation (normal term 145-150 days). BAEP were obtained, as previously described (5, 6), using a custom-built stimulator generating a 0.1 ms click at stimulation rates of 1, 15, and 40 Hz at 30 dB above threshold and with amplifier filter settings of 1 Hz-6 kHz. SEP were obtained by stimulation using a custombuilt stimulator at 0.1, 0.5, and 2 Hz at 6-8 mAmp above threshold with similar filter settings. Recordings were amplified through custom-built headstages and amplifiers and averaged using a Medelec Sensor, neurophysiologic signal averaging system (Vickers Medical, UK, model ER94a). For the BAEP, 50 ms sweeps were recorded for an average of 256-1028 stimuli. The individual averaged recordings were stored on disc via interfacing to an Apple IIe microcomputer. For the SEP, 5, 50, 100, or 500 ms sweeps were recorded for an average of 1028 stimuli.
In the younger fetus the ECOG has similar characteristics to the low voltage ECOG state, one of the two ECOG states seen after 125 days (9) , and recordings were therefore made only in either the undifferentiated or the low voltage ECOG state. Only the observations made between 125 and 130 days were compared because of the marked gestational effect on the SEP and BAEP (5, 6) . At termination of the experiment fetal weights were obtained and compared to age-and sex-matched fetuses of noncarunclectomized ewes. Premature delivery precluded accurate measurement of placental weights in some fetuses.
RESULTS
Outcome of carunclectomy. Of the 13 fetuses operated upon, one was rejected from the study because of poor postsurgical recovery. The remaining 12 carunclectomized fetuses were considered in three groups; those weighing within 1 SD of the mean of noncarunclectornized fetuses (obtained from 80 fetuses from the same flock also subject to fetal surgery); those 1-2 SD below; and those 2-3 SD below mean weight (Table 1) . Evoked potential data from a group of eight noncarunclectomized normal weight for age fetuses of comparable age range (5, 6) were used for comparison. The growth-retarded fetuses were mildly hypoxemic, hypercapnic, and acidemic (Table 1 ) compared to healthy nongrowth-retarded fetuses of the same age group. This trend reached statistical significance in the most growth-retarded group.
Emergence of waveforms. In normal fetuses the various components of the SEP and the BAEP appear at different but welldefined gestational ages (5, 6) . The SEP components appeared at similar ages for all groups of animals during the age range of observation: some of the SEP components emerge earlier than the age range studied here. BAEP components, however, exhibited a precocial appearance ( p < 0.05) in the most retarded carunclectomized fetuses, whereas the age of appearance in the less growth-retarded fetuses did not significantly differ from noncarunclectornized animals ( Table 2) .
Amplitude and latencies of waveforms. Certain of the peak and interpeak latencies were shortened in growth-retarded fetuses. For the BAEP the absolute latency of wave I, 111, IV, and V and the absolute and interpeak (wave I to V) latency of wave V were reduced ( p < 0.05) in the 2-3 SD growth-retarded fetuses compared to both carunclectornized and noncarunclectornized normal sized fetuses ( Fig. 1 ; Table 3 ). Several of the mid-latency SEP components (N20, P/N 30 and P200) also demonstrated shorter ( p < 0.05) absolute and interpeak latencies in the 2-3 SD growth-retarded fetus with a trend to shortening also observed in the 1-2 SD below mean group (Fig. 2) .
The amplitude of the recorded waveforms for both pathways was not significantly different in severely growth-retarded compared to normal-sized fetuses. This suggests a similar population of neurones were activated by the stimuli in both the normal and growth-retarded fetuses ( 10) .
Tolerance of increased rate of stimulation. Growth-retarded fetuses also tolerated greater rates of stimulus presentation without alterations in latencies of the evoked potentials. Both the carunclectomized 1-2 SD and 2-3 SD below normal weight groups tolerated stimulus rates for both the SEP and BAEP that produced significant ( p < 0.05) changes in latencies in both the carunclectomized 0-1 SD group and noncarunclectomized normal weight fetuses (Fig. 3) . Fig. 2 . The onset latency of the SEP components P14, N20, P/N 30, and P200 are shown and the latter three are shorter (p < 0.05, analysis of variance) in the carunclectomized most growth-retarded fetuses. Latencies are in ms, labeling is as in Figure 1 .
DISCUSSION
Infants of mothers with hypertension and born with growth retardation demonstrate accelerated neurologic development as clinically evaluated postnatally (1-4). This paradoxical apparent maturity is not maintained beyond the neonatal period. The question of the role of neural maturation in utero in growthretarded fetus has not previously been addressed; our results suggest that there is altered maturation of sensory systems in the growth-retarded fetus in utero. This would suggest that clinical findings in the neonate are not a consequence of parturitionrelated influences or of maternal disease or drug administration as has been suggested (2), although additional influences due to such factors cannot be excluded.
As shown in our study at least two distinct sensory pathways are affected in severe fetal growth retardation. Further, three distinct aspects of neural function demonstrate altered neural maturation; age of emergence of the BAEP, latencies of the evoked responses, and following frequencies to both stimuli. Each of these alterations in neural function are consistent with an acceleration in the rate of maturation. For the SEP the early latency components, considered subcortical in origin, were not influenced by growth retardation whereas later latency components, considered cortically generated (6, 11) were affected. The auditory components recorded are generated at cochlear, pon- rates were varied over a range of 0.1 to 2 Hz. Both the 1-2 SD (Cxl-2) and the 2-3 SD (Cx2-3) smaller than normal mean weight groups, tolerated a greater rate of stimulus presentation without alterations in SEP components than the carunclectomized normal weight for age and the noncarunclectomized fetuses. This figure demonstrates changes in the absolute latency (ms) of a representative component (P200) of the SEP, with an increasing stimulation rate from 0.1 to 2 Hz for the four groups. *p < 0.05 compared to lower stimulus rate.
tine, and collicular levels. Thus both cortical and brainstem functions can be influenced by growth retardation.
Components of the BAEP were detected several days earlier than normal in the most growth-retarded fetuses. Absolute and interpeak latencies BAEP were reduced in the growth-retarded fetuses. As these latencies normally reduce with maturation (5, 6) these observations are consistent with accelerated maturation. Although growth retardation will mean some shortening in pathway length which might explain, at least in part, the earlier appearance of the BAEP and the change in stimulus rate toler-ance in both pathways cannot be related to pathway length. The greater tolerance to high stimulus rate without either increased latency or loss of amplitude observed in the growth-retarded fetuses is similar to the maturational increase in tolerance seen in normal fetuses (5, 6) .
The lack of an effect of growth retardation on the age of appearance of the SEP components suggests that there is not a symmetrical effect of growth retardation on all aspects of sensory maturation or indeed neural development. However, as for the BAEP, certain components of the SEP showed a reduced latency in severe fetal growth retardation. Again the ability to tolerate an increased stimulus rate was greater in the growth-retarded fetus; an effect that is independent of pathway length and is compatible with an acceleration in synaptic maturation within this pathway.
Shortening of wavepeak latencies could be due to a number of factors including increased nerve fiber diameter, increased synaptic efficiency, or a greater degree of myelination. The effect of a reduction in pathway length might also provide a partial explanation. Progressive myelinization is occuning in the fetal lamb brain during the period under discussion (12) . Wave I of the BAEP is believed to be generated at the level of the cochlea (10, 13) and accelerated maturation at this level or within the middle ear may lead to the precocial emergence of BAEP waveforms observed in the growth-retarded fetus. However, the reduction in the interpeak latencies of the BAEP and the reduced latencies of latter latency components in the somatosensory pathway suggest effects on both nerve conduction and on synaptic function.
The increased latency in response to increased stimulus rates in the normal fetus is considered to reflect immaturity of synaptic mechanisms such as uptake synthesis and releasing mechanisms which prepare the synapse to function in response to subsequent presynaptic potentials. The greater tolerance to increased stimulus rates in both pathways suggests a direct effect of growth retardation on neural maturation and synaptic function. Similarly studies in the human neonate (4) suggest that growthretarded human infants demonstrate modified development in synaptic transmission.
The mechanistic basis of the observed changes in sensory neural function is not known. They may be a direct consequence of altered substrate delivery to the fetal brain. The auditory pathway is metabolically very active in the fetal lamb during the gestational age range in which these growth-retarded related changes were observed (14) . Cerebral blood flow is similar in normal and growth-retarded fetuses (1 5) but as circulating concentrations of glucose and amino acids are altered in growthretarded fetuses, substrate delivery to the brain is different, e.g. circulating glucose is reduced whereas alanine levels are elevated (16) . Such growth-retarded fetuses have been previously shown to have altered autonomic function, e.g. they demonstrate a less sustained brachycardia in response to hypoxia than normal fetuses (8) .
A number of hormonal changes are reported in growth-retarded fetuses that may influence neural maturation. Glucocorticoids affect the maturation of many fetal systems and are implicated in neurologic maturation (1 7, 18) . Growth-retarded fetuses demonstrate elevated plasma glucocorticoid levels (7, 8, 16) . In growth-retarded sheep and guinea pig fetuses (1 9) there is a marked elevation in circulating insulin-like growth factor-2 concentrations, a peptide implicated in neuronal development (20, 2 1). Precocial neural maturation in growth-retarded fetuses occurs despite reduced thyroid hormone concentrations (7, 8) .
There is increasing interest in the possible role that neurotransmitters may play in the regulation of neural maturation as distinct from their differentiated function as neural signal modulators. Particular attention has focused on serotonin. Serotonin concentrations in the nervous system at birth have been correlated, across species, with the degree of neural maturation (22) . An increased turnover of serotonin and its precursor tryptophan is reported in growth-retarded rats (23, 24) and these rats demonstrate precocial eye opening behavior (23, 25) . Other neurotransmitters including noradrenalin and dopamine have also been implicated (26, 27) . It seems possible that the turnover of any of these may be affected directly or indirectly by the metabolic or hormonal consequences of placental immaturity.
A question of relevance to these observations is if there is an associated precocial loss of neural plasticity? There are periods of neural maturation (so-called plastic or critical periods) when exposure to external influences determines neural function within particular systems (28) (29) (30) . Such periods are almost certainly associated with changes in biochemical, morphologic, and/ or physiologic properties of neurones and arepresumed to follow a developmental timetable. Precocial maturation of neural function in the growth-retarded fetus may mean advancement in this timetable and a consequent mismatch with the normal range of relevant stimuli. Such precocity could thus prevent the obtainment of a full repertoire of neural behaviors, many of which are dependent on postnatal environmental interaction. Also such a loss of plasticity may make the growth-retarded fetus more likely to have residual sequelae after perinatal asphyxia, an outcome that is frequently observed clinically.
